i n individuals with genetic diseases of abnormal protein synthesis, the normal protein may be recognized as a neoantigen leading to a potential immune reaction with the early introduction and expression by gene transfer (1) (2) (3) . The likelihood of an immune response to an expressed protein is influenced by several factors including the specific host, the underlying mutation in the protein, the type of gene delivery vector, and the route by which the vector is administered (3) . In animal models, xenogenic homologous proteins are more immunogenic than are proteins from the same species (2) (3) (4) . In addition, the tissue in which genes are expressed may affect the likelihood of eliciting immune responses (3, 5) .
We have demonstrated that early expression is detected in neonatal mice with different adeno-associated virus (AAV) serotypes; some, such as serotype 9 and rh10 have improved vector properties such as higher transduction efficiencies (6) (7) . Such early administration after birth results in persistent gene expression that can be achieved after a single dose (6) (7) (8) . The serotype and cell cycle of the tissue of interest (e.g., liver vs. muscle) (8) may determine whether substantial persistent expression remains as cells and tissues grow and divide in this period of rapid cellular proliferation of the neonate; hepatic loss of episomal AAV results in a substantial expression decline in mice during the first several weeks of life (6) and this loss can affect the efficacy of therapy (7, 9) . Such findings demonstrate the challenges that rapid cellular proliferation adds to treatment initiated early in life with episomally-located vector genomes.
In adult mammals, readministration of the same serotype of AAV is generally not successful due to neutralizing antibody responses to the viral capsid proteins (10) (11) (12) (13) that develop after the initial administration. However, delivery of geneexpression vectors in a mammal where the immune system is immature may facilitate the development of tolerance to therapeutic proteins (14) . In utero and neonatal gene transfer have the potential for preventing the development of disease and may allow for transduction of expanding stem cell populations or organ systems that may not be accessible postnatally (15) (16) . In previous studies, we have been able to administer AAV expressing factor VIII during the neonatal period (7) . This led to operational tolerance to this antigen. However, the decline in transgene-encoded protein expression, particularly during the early rapid growth phase of dividing tissues of neonatal and juvenile mice, remains a substantial problem that affects the long-term high-level protein expression that may be necessary for correcting certain genetic disorders affecting the liver (8) (9) . Similar growth, albeit at a slower rate, over a longer period of time is present in humans. Newborns typically double their body weight in the first months of life and triple it within the first year (17); the human liver has similar increases in size: first doubling by 3 mo, a second doubling by 10 mo, and a doubling again by about year 5 (18) . The focus of the present studies was to assess the durability of operational tolerance with neonatal delivery of AAV and expression of a xenogenic transgene-encoded protein and if augmentation of hepatic expression and genome copy number was possible with subsequent AAV administration.
RESULTS

Augmenting Expression With Postnatal Doses of AAV
In these experiments, all mice were administered 3 × 10 12 gc/kg of AAV on the second day of life (Figure 1a ). The first group of animals (n = 5 per time point) received a vector injection as a single dose. Subsequently, a second group of mice (n = 5 per time point) received the same serotype vector, rh10, on day 2 and day 14 of life with genome copy number of AAV and expression along with immune responses examined. A final group (n = 5 per time point) received AAV serotype rh10 on the second day of life and at 2 wk and then received a further augmenting dose at 6 wk of life, this time with serotype switched AAV9. All animals received AAV with the CBA promoter/CMV enhancer and firefly luciferase. To determine an optimal time for readministration of vector, the kinetics of murine liver growth was examined (Figure 1b) . By 6 wk, the liver had undergone nearly four doublings since birth with the mouse itself reaching nearly adult size.
Administration of AAV to neonatal mice was well tolerated and resulted in early expression of luciferase; peak expression Articles was detected at the first time point, 72 h after vector administration (Figure 1c , day of life 5). Mice were followed longitudinally using bioluminescent imaging. Mice that received the single dose of AAV as a neonate had a substantial loss of expression during the 15 wk of study (Figure 1c,d) . Expression was widely distributed with use of the CBA promoter/CMV enhancer up to week 3 of life, but then expression markedly declined with residual expression primarily in the heart and lungs at the end of the study (Figure 2) . This corresponded with a marked decline of AAV genome copies in the liver by nearly 3 logs to about 0.2% of the copy number 15 wk after vector administration in the neonatal period ( Table 1) .
Because of the vector copy number decline, we decided to initially administer vector at day 2 of life followed by an augmenting dose at 2 wk of age, suspecting there would still be substantial loss of AAV vector genomes due to continued hepatocellular division. After the augmenting dose of AAV at 2 wk, expression was maintained at higher levels longer than the group of mice that received only one dose of AAV on day 2 (Figure 1c , day 2 and 14 injections). In the augmented group, higher residual expression was found at week 15 in multiple tissues: the heart, liver, and lung (Figure 1c) . With the single administration of AAV on the second day of life, there were 1.3 gc/ng DNA at 15 wk in the liver ( Table 1) . While there is variability due to some differences in size of animals at the 2-wk injection, with this second dose the residual AAV hepatic copies at 15 wk had increased on average eight times to 10.4 gc/ng DNA.
Because the adult size of the liver is nearly attained by 6 wk of age, we decided to give an additional dose of AAV at that time to determine if expression could be further stabilized. Administration of this third dose of vector resulted in higher levels of expression in multiple tissues (Figure 1c , day 2, 14, and 42 injections) and with higher sustained expression at these levels to at least 15 wk of life. Hepatic genome copy numbers, again affected by some variability of sizes when injected, were higher at 15 wk (29.3 gc/ng DNA): on average 22.5 times that of the single dose at day 2 and 2.8 times that of mice having received AAV on the second and fourteenth days of life.
The Role of Innate Immunity in Viral Copy Number Decline
While the decline of copies of AAV with hepatocellular division has been previously described by our group (6, 8) and others (19) (20) , the mechanism is not completely understood.
To determine if the innate immune system has any role in this decline, we performed studies in the MyD88 knockout mouse. Toll-like receptor-mediated responses are important in the innate immune response to certain viral infections. The MyD88 gene is essential for their control and the maturation and activation of virus-specific CD8 + (21) and the regulation of virus-specific CD4 + (22) T cells. We hypothesized that if innate immunity had a role in the decline of AAV copy number in the liver then we would have higher numbers of AAV in hepatocytes of the MyD88 knockout animals after the administration of AAV on the second day of life.
MyD88 (n = 4) and control mice (n = 5) received identical doses of AAVrh10 on the second day of life. Both groups were euthanized at 35 d. Livers were removed and viral DNA was quantified using quantitative polymerase chain reaction to determine total viral copy number per genomic DNA. At day 35, both MyD88 and wild-type mice demonstrated similar residual genome copy numbers suggesting that innate immunity and activation of virus-specific T cells are likely not involved in the decline in copy number with hepatocellular division (Figure 3) . Differences in copy numbers are likely due to strain differences. The MyD88 mice were obtained on the C57Bl/6 background and thus control studies were also performed with C57Bl/6; FVB/N mice were used for all other studies.
Cellular Immune Responses to Transgene-Encoded Protein
To examine if cellular immunity develops to transgeneencoded proteins when expression begins in the neonatal period, we employed an enzyme-linked immunospot (ELISPOT) assay (Figure 4) . The ELISPOT technique is useful to both qualitatively and quantitatively monitor cell-mediated immunity as it is sensitive and accurate in the detection of rare antigen-specific T cells. In these studies, IL-2 (involved in adaptive immunity by augmenting T-cell proliferation, survival, and effector differentiation) (23) and IFN-γ (a Th1 cytokine where T lymphocytes are the major source in the adaptive immune response) (24) were examined. Three groups of mice were studied: (i) positive controls (n = 4) that received saline intravenously on the second day of life followed by luciferase with adjuvant at day 35; (ii) negative controls that received saline intravenously on day 2 and on day 35; and (iii) an experimental group (n = 4) that received AAV expressing luciferase on day 2 followed by luciferase with adjuvant on day 35. Splenocytes were collected after the vaccinating dose and examined by ELISPOT stimulated with recombinant luciferase.
Cells were plated and spots were examined with recombinant luciferase used at 0.5 μg per well and the number of IL-2 and IFN-γ spots elicited from splenocytes were studied. While all groups did respond to ConA, negative control animals (those that received saline neonatally and no recombinant luciferase/ adjuvant postnatally) as expected did not substantially demonstrate either IL-2-secreting or IFN-γ-secreting lymphocytes. Also as expected, the positive control animals, which were naive to luciferase before vaccination, had development of both IL-2-and IFN-γ-secreting splenocytes. The experimental group had results similar to that of the negative controls; that is adult mice that were administered AAV-expressing luciferase in the neonatal period did not have production of IL-2 or IFNγ from splenocytes after vaccination.
Humoral Immune Responses to AAV Capsid Proteins
We have previously shown that humoral immune responses do not develop to AAV capsid proteins after a neonatal dose of IV-administered AAV. The durability of this unresponsiveness has not been clear. In these studies, we examined the humoral immune response to AAV with subsequent vector administration in mice that received AAV in the neonatal period.
Using a serotype-specific enzyme-linked immunosorbent assay (ELISA), plasma of mice were examined at day 14 after day 2 administration of AAVrh10. As previously demonstrated (7) , there was no development of antibody to serotype rh10 (Figure 5a (white bar) ). Because of the lack of development of anticapsid humoral immunity, administration of a second dose of AAVrh10 on day 14 was possible. However, when measured at day 42, high levels of antibody to serotype rh10 developed 4 wk after this second administration (black bar, Figure 5a ), suggesting that operational tolerance did not develop to AAVrh10 capsid (n = 3-5 per group).
The humoral immunity that developed was found to be capsid specific. After two injections (day 2 and day 14) of AAVrh10, antibody did not develop to AAV9 (Figure 5b , white and black). However, after the administration of AAV9 at 6 wk, antigen-specific humoral immunity to AAV9 also developed (Figure 5b , gray bar) (n = 3-5 per group).
In control naive juvenile or adult animals when AAVrh10 was administered at 2 wk and AAV9 was administered at 6 wk, capsid-specific antibodies developed to both AAVrh10 and AAV9 (Figure 5a ,b gray hatched bars) (n = 5). However, in the experimental mice, antigen-specific operational tolerance to AAVrh10 administered in the neonatal period did not result. While a second dose at day 14 did allow for repeat serotype rh10 transduction, serotype switching for further transgene augmentation was necessary at 6 wk due to the interval development of capsidspecific humoral immunity to serotype rh10 (n = 5 per group).
Humoral Immune Response to Transgene-Encoded Protein
We have previously demonstrated that a humoral immune response to transgene-encoded proteins could be avoided with a single neonatally administered dose of AAV expressing a transgene in mice (7) . The durability of this lack of immune response has not been previously evaluated to immunogenic and xenogenic proteins such as luciferase. Neonatal mice on day 2 of life were administered AAVrh10 expressing luciferase 
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Articles (n = 5 per group). Subsequent injections were given at 2 and at 6 wk. In both cases, antibodies did not develop to the luciferase protein (Figure 6, first 3 bars) . Conversely, when naive animals were administered AAV expressing luciferase at 2 and 6 wk of life, a strong antigen-specific humoral immune response did develop (Figure 6, 4th bar) .
To further test the durability of this operational tolerance, vaccination was performed with luciferase and adjuvant. Experimental mice were administered AAV rh10 expressing luciferase on the second day of life while control animals received saline. Plasma was collected on day 34 from both groups followed by vaccination the next day. Plasma was then collected on day 70 from both groups and analyzed by a luciferase-specific ELISA. While control animals, as expected, demonstrated high titers of undilutable antibody to at least 1:2,560 (Figure 7, dotted bars) , the experimental animals had a substantially blunted humoral immune response that was reduced with dilution (Figure 7, gray bars) .
DISCUSSION
The present studies demonstrate that (i) neonatal delivery of AAV produces long-term transgene-encoded protein expression without the development of cellular or humoral immunity to either virus or gene product (suggesting that operational tolerance to the stably expressed foreign protein, but not to transiently present capsid, can be achieved); (ii) delivery of a second postnatal dose of AAV results in a humoral immune response to AAV capsid proteins, which suggests that immunologic ignorance was the mechanism responsible for the unresponsiveness seen after neonatal administration; (iii) the innate immune system does not appear to influence the decline in AAV copy number in hepatocytes after neonatal administration; and (iv) transgene expression and AAV hepatic copy number can be augmented postnatally by readministration of the same or a different serotype AAV vector since operational tolerance was established to the transgene-encoded protein.
There are two major mechanisms reported to prevent the reactivity of CD8+ T cells: ignorance and tolerance. When ignorance is operative, naive autoreactive CD8+ T cells ignore antigens and recirculate without causing damage. In the case of tolerance, CD8+ T cells are deleted if the mechanism is centrally mediated or controlled by T regulatory cells if the mechanism is peripheral. Which factors contribute to each particular outcome is only partly known. When antigen is expressed and/or cross-presented at concentrations too low to stimulate T cells, peripheral T cells can remain "ignorant" of the antigen (25) . Thus ignorant T cells, unlike tolerant T cells, are not rendered dysfunctional from future antigen encounters but remain antigen inexperienced: they persist as naïve but potentially functional and can be activated by external stimuli.
A number of studies have suggested that the relative immunological immaturity of the fetus (and likely the neonatal mouse) may contribute to diminished immune responses or induction of immune tolerance (14) . Before thymic processing Figure 5 . Absence of antibody-mediated responses against adeno-associated virus (AAV) after neonatal administration. (a) Antibody titers to AAV rh10 capsid proteins were measured (as adults) by enzyme-linked immunosorbent assay (ELISA) after neonatal injection of AAVrh10 at day 2 of life ( ), at day 2 and day 14 ( ), and at day 2 and day 14 with rh10 and with AAV serotype 9 at day 42 ( ). Positive control was demonstrated by administering AAVrh10 on day 14 and AAV 9 on day 42 ( ). (b) Antibody titers to AAV 9 capsid proteins were measured by ELISA after neonatal injection of AAVrh10 at day 2 of life ( ), at day 2 and day 14 ( ), and at day 2 and day 14 with rh10 and with AAV serotype 9 at day 42 ( ). Positive control was demonstrated by administering AAVrh10 on day 14 and AAV 9 on day 42 ( ). Plasma was collected at least 14 days after AAV administration for both sets of studies. (Data are presented as mean + SD.) of lymphocytes in early immunologic development, induction of tolerance in the fetus to foreign proteins can occur. In the neonatal mouse the mechanisms may be different. Neonatal mice have a decreased frequency of professional antigen presenting cells including activated macrophages, B cells, and dendritic cells and murine neonates contain fewer T cells in their spleens (26) (27) ; their T cells are functionally deficient in both in vivo and in vitro standard activation conditions. In addition, T H 1 and cytotoxic T lymphocyte functions are poor with T H 2 responses predominating (26) . Other neonatal mouse studies suggest the expression of CD40 ligand is reduced in T cells (28) and the diversity of T-cell receptors is restricted (29) . Additional evidence suggests that dendritic cell function may be immature resulting in a bias toward T H 2 rather than T H 1 responses (3, 30) . These differences and the nature of the antigen presenting cells itself may determine whether the outcome of antigen presentation is neonatal tolerance or immunization (28) .
In the studies conducted here, operational tolerance does not develop to AAV capsid protein. As the AAV vectors administered are replication incompetent, there are no coding genes for the capsid proteins. Thus, there is a transient presence of capsid that is lost after cellular transduction. However with subsequent administration of AAV, anticapsid humoral immunity develops as it would in a naive immune system thus demonstrating the functionality of these cells. This lack of an immune response with initial AAV exposure appears to be consistent with immunological ignorance as functional immune cells were activated with later antigen exposure.
A number of studies have demonstrated that continual antigen exposure is required to maintain tolerance (31) (32) (33) . In our present neonatal and prior in utero studies, luciferase expression was detected within 3 d of AAV administration and persisted for the lifetime of the animals (7,34) without anti-AAV or antiluciferase humoral immunity. Because of the lack of an immune response to the transgene-encoded protein and viral vector, AAV in the present studies could be readministered and transgene-encoded protein expression, in this case luciferase, could be augmented as well as the genome copy number per hepatocyte. The establishment of operational tolerance allowed for the achievement of greater AAV copy number in juvenile and adult mice. Unlike neonates, where the rate of hepatocellular proliferation is much higher and affects episomal vector genomes (20) , rapid cellular proliferation in adults is uncommon as individual hepatocytes in the mouse liver are replaced once every 180-400 d (35) (36) suggesting that once an adult sized liver is attained, the hepatic copy number would be relatively stable with a slow decline over years. Thus, subsequent administration is most effective when adult liver size is reached but augmenting doses during the juvenile period are also of benefit. These doses could address the loss of hepatocyte copy numbers in infants treated with AAV for inherited metabolic disorders of the liver as they grow into childhood, adolescence, and later adulthood.
In utero injection of recombinant adenoviral vectors to murine fetuses also have been found to not elicit immune responses to adenovirus or luciferase in animals examined postnatally (37); however, gene expression was transient and no longer detected 4 wk after birth. Thus while subsequent readministration of adenovirus in adult animals resulted in brisk humoral immune responses to adenoviral capsid proteins as expected, the animals also developed a strong humoral immune response to luciferase. It appears that this loss of transgene-encoded protein expression after neonatal administration resulted in the transgene-encoded protein subsequently being detected as a neoantigen by the immune system when later expression occurred with adult adenoviral vector delivery.
The ability to readminister AAV in mice injected with vector in the first few days of life appears to be due to ignorance, which allows for augmentation of expression postnatally. This could be important in certain disorders (e.g., hemophilia, Pompe disease) if therapeutic levels of protein expression were not maintained after neonatal administration. Alternatively, it could allow for the exogenous administration of recombinant protein (e.g., factor VIII or factor IX) without the development of inhibitory antibodies as operational tolerance has been achieved. The efficacy and safety of AAV delivered neonatally in mice provides an opportunity to develop strategies for the Figure 7 . Blunted humoral immune response to luciferase in neonatally injected animals after stimulating adult animals with purified luciferase and adjuvant. 35-d-old mice were administered luciferase/adjuvant after having received AAVrh10-luciferase ( ) or saline ( ) as neonates. Plasma was examined for antiluciferase antibodies at day 34 (before adult injection) and at day 70 (after luciferase and adjuvant injection intraperitoneally) in mice that received adeno-associated virus (AAV) as neonates ( ) and those that received saline as ( ) neonates. The x-axis indicates plasma dilution; the y-axis demonstrates the optical density of samples analyzed by spectrophotometry. Data are presented as mean + SD. 
